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The physical properties of CsNi 2 Se 2 were characterized by electrical resistivity, magnetization and 
specific heat measurements. We found that the stoichiometric CsNi 2 Se 2 compound undergoes a 
superconducting transition at T c =2.7K. A large Sommerfeld coefficient 7 „ (—77.90 mJ/mol-K~ 2 ), 
was obtained from the normal state electronic specific heat. However, the Kadowaki-Woods ratio 
of CsNi 2 Se 2 was estimated to be about 0.041 xl0 ~ 5 /rD-cm(mol-K 2 /mJ) 2 , indicating the absence 
of strong electron-electron correlations. In the superconducting state, we found that the zero- 
field electronic specific heat data, C es (T) (0.5K < T < 2.6K), can be well fitted with a two-gap 
BCS model, indicating the multi-gap feature of CsNi 2 Se 2 . In the end, the comparison with the 
density functional theory (DFT) calculations suggested that the large 7 n in these nickel-selenide 
superconductors may be related to the large Density of States (DOS) at the fermi surface. 

PACS numbers: 74.62.Bf; 74.25.Op; 74.25.F- 


After the discovery of the iron-based superconductors, 
people are exploring in the similar layered compounds 
where the Fe ions are replaced by the other 3d metal 
ions, in order to discover the next-generation of high- T c 
superconductors and provide new opportunities for solid- 
state physics. NiPn-based (Pn: pnictogen) compounds 
are considered to be promising candidate for new super¬ 
conductors, as the superconductivity has been observed 
in LaNiPO (T c -3 K) 0L LaNiAsO (T c -2.75 K) 0, 
BaNi 2 As 2 (T c ~ 0.7 K) [3J, BaNi 2 P 2 (T c -2.4 K) Q, 
SrNi 2 P 2 (T c -1.4 K)@, and so on. However, the super¬ 
conductivity in Ni-chalcogenide is rarely reported. 

Recently, KNi 2 Se 2 0] and KNi 2 S 2 0 , which have 
a similar structure to the iron-based superconductors 
A y Fe 2 _ x Se 2 (A=T1, K, Rb, Cs) 0,0, were reported to 
be superconductivity with T c —0.8K and —0.4K, respec¬ 
tively. Upon replacement of the K with Tl, the transition 
temperature even can rise to be 3.7K for TlNi 2 Se 2 Ell- 
Compared with Aj / Fe 2 _ x Se 2 (A=T1, K, Rb, Cs), it is ho¬ 
mogenous without Ni vacancy in TlNi 2 Se 2 , suggesting a 
heavy electron doping on the fermi surface. Interestingly, 
no superconducting transition was observed in the unsto- 
ichiometric compound Ko.95Nii.86Se 2 (may equal to the 
hole doping) down to 0.3K [11], even the physical prop¬ 
erties were very similar with that of the stoichiometric 
KNi 2 Se 2 . For these Ni-chalcogenide superconductors, the 
superconductivity usually appears to involve heavy elec¬ 
trons 00 EH, as inferred from the large Sommerfeld 
coefficient, 7 n . This result may make them be a bridge 
between cuprate- or iron-based and conventional heavy- 
fermion superconductors. By now, the origin of the large 
7 n at low temperature is not confirmed yet. An intrigu¬ 
ing possibility is that the large 7 n is due to the existence 
of local charge order, which may induce the strong elec¬ 


tron correlations and heavy-fermion behavior 0 , 0110 . 
However, the recent angle-resolved photoemission spec¬ 
troscopy (ARPES) and optical spectroscopy studies re¬ 
veal the weak correlation feature in these Ni-chalcogenide 
superconductors. Instead, they suggested that the large 
7 n may be ascribed to the large density states and the 
Van Hove singularity in the vicinity of the fermi energy 
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Though the Ni-chalcogenide superconductors have 
been studied for several years, the superconductivity in 
the single crystalline sample had only been realized in 
TlNi 2 Se 2 Gfl and TlNi 2 S 2 151 by now. To understand 
the intrinsic properties, more superconducting samples, 
especially the alkali metal compounds, are needed to be 
investigated. In this paper, we synthesized the CsNi 2 Se 2 
single crystal successfully. The measurements of resis¬ 
tivity, magnetization and specific heat were carried out 
down to T=0.5K. It was found that the stoichiometric 
CsNi 2 Se 2 compound undergoes a superconducting tran¬ 
sition at T c onset =2.7K, which is very different from that 
in Ko.95Nii.86Se 2 single crystal 11]. At low tempera¬ 
tures, a large Sommerfeld coefficient, 7„ (—77.90 rnJ/mol 
K 2 ), was obtained from the normal state electronic spe¬ 
cific heat. In the superconducting state, we found that 
the zero-field electronic specific heat data, C es (T) (0.5K 
< T < 2.6K), can be well fitted using a two-gap BCS 
model, indicating the multi-gap feature of CsNi 2 Se 2 . At 
the end, density functional theory (DFT) calculations 
were performed for TlNi 2 Se 2 , KNi 2 Se 2 and CsNi 2 Se 2 , re¬ 
spectively, and the result was compared with their cor¬ 
responding large 7„. It suggested that the large 7„ may 
be related to the large DOS at the Fermi surface in these 
nickel-selenide superconductors. 

Large plate-like single crystals of CsNi 2 Se 2 were grown 






2 



V 

'w3* 

iiii 


FIG. 1: (Color online) Left: Rietveld refinement profile for the 
powder x-ray diffraction of CsNi 2 Se 2 . Right: Crystal struc¬ 
ture of stoichiometric CsNi 2 Se 2 with the tetragonal ThC^Sh- 
type structure. Inset: A photo of CsNi 2 Se 2 crystal. 


using self-flux method. First, the precursor Cs 2 Se was 
prepared by heating Cs and Se powders at 200°C. Then, 
Cs 2 Se, Ni and Se powders were mixed in an appropri¬ 
ate stoichiometry and were put into alumina crucibles 
and sealed in an evacuated silica tube. The mixture was 
heated up to 1000°C and kept over 3 hours. Then the 
melting mixture was cooled down to 700°C in a cooling 
rate of 3°C/h. Finally the furnace was cooled to room 
temperature after shutting down the power. The struc¬ 
ture of single crystals was characterized by X-ray diffrac¬ 
tion (XRD). To avoid exposure to air, the sample was 
sealed using IV-grace during the XRD data collecting. In 
the powder XRD patterns (figure 1), all peaks can be well 
indexed with a ThCr 2 Si 2 -type structure (space group: 
/4/mmm). The lattice parameters, a = 3.988A, and c = 
14.419A were obtained by fitting the XRD data, indicat¬ 
ing a larger unit cell than that of KNi 2 Se 2 and TlNi 2 Se 2 - 
The elemental analysis was performed using an energy- 
dispersive x-ray spectroscopy (EDX) in a Zeiss Supra 55 
scanning electron microscope. The EDX results indicate 
that the crystals are rather homogenous and the deter¬ 
mined average atomic ratios are Cs:Ni:Se = 1.02:2.03:2.00 
when fixing Se stoichiometry to be 2, confirming the stoi¬ 
chiometry of CsNi 2 Se 2 . The ab-plane p(T) measurements 
were performed by the standard four-probe technique us¬ 
ing the Quantum Design Physical Properties Measure¬ 
ment System PPMS-9. Temperatures down to 0.5 K were 
obtained using a 3 He attachment to the PPMS. The heat 
capacity measurements were carried out using the relax¬ 
ation method. The magnetic susceptibility was measured 
using the Quantum Design MPMS-SQUID. 

Figure 2(a) shows the electrical resistivity in the ab- 
plane, p a b{ T), as a function of temperature for CsNi 2 Se 2 
crystal. The value of p a b(300K) and p c (300K) (not shown 
here) is about 204/jfhcm and 572 /ifl-crn, respectively. 
Then the p c /p a b is calculated to be 2.8, indicating the 
anisotropy is not so large, although CsNi 2 Se 2 owns a lay¬ 
ered structure. Upon cooling down from room tempera¬ 
ture, p a b( T) exhibits a metallic behavior. In the normal 


state, no abnormal change in p a b{T ) was observed, which 
occurs in both iso-structural BaNi 2 As 2 and SrNi 2 P 2 
|5] compounds, corresponding to the structural transition 
from a tetragonal at higher temperatures to a triclinic at 
lower temperatures. Below T c ~ 2.7K, the p a b(T) drops 
to zero abruptly, suggesting a superconducting transi¬ 
tion happens. It is also confirmed by a large diamag¬ 
netic signal [see the inset (iii) of figure 2] and a specific 
heat jump at T c as shown in figure 2(d). The resid¬ 
ual resistivity ratio [RRR =p a b(300K)//9 a t,(3K) ~37] and 
superconducting transition width A T c ~0.1 K reflects 
the high quality of the single crystals. At low tempera¬ 
tures (3K < T < 20K), it was found that the p a b(T ) can 
be well fitted using the the equation p a b(T)=p 0 +AT 2 , 
where po =5.368 pQ-cm and A =2.474xl0 -3 pQ-cm/K 2 , 
suggesting a Fermi liquid ground state. Combining the 
value of Sommerfeld coefficient 7 „ below, the Kadowaki- 
Woods ratio, A/ 7 2 , was estimated to be 0.041 xlO -5 
/iD-cm(mol-K 2 /mJ) 2 . This value is one order of mag¬ 
nitude smaller than that for the standard heavy-fermion 
systems (~10~ 5 /xO-cm(mol-K 2 /mJ) 2 ), and is quite sim¬ 
ilar with that for many transition metals (~0.04xl0 -5 
/iO-cm(mol-K 2 /mJ) 2 ) [It], EH- We suggest that this re¬ 
sult may indicate the absence of strong correlation in this 
compound, which is consistent with the previous results 
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Figure 2(b) is the field dependence of the p a b{ T) of 
CsNi 2 Se 2 at low temperatures, when the magnetic field 
was applied parallel to the c axis. The transition temper¬ 
ature T c shifts to lower temperature in external magnetic 
fields. Using the middle superconducting transition tem¬ 
perature in p a b( T), the upper critical field H c 2 is plotted 
as a function of temperature in the inset (ii) of figure 
2(b). According to the Ginzburg-Landau theory, the zero 
temperature upper critical field H c 2(0) can be estimated 
by using the formula H c2 (T) = H c2 ( 0)(1 — t 2 )/( 1 + t 2 ), 
where t is the reduced temperature t = T/T c . The fit¬ 
ting result yields the value of poH C 2(0)= 2 Tesla, which 
is 2.5 times that of TlNi 2 Se 2 [10]. The superconduct¬ 
ing coherence length £0 can be estimated from the rela¬ 
tion ^o=[ < l ) o/27rH C 2] 0 ' 5 , yielding £o ab =12-8 nrn. The nor¬ 
mal state magnetic susceptibility, x a b(T), for CsNi 2 Se 2 
crystal, is plotted as a function of temperature in figure 
2(c). It seems nearly temperature independent at high 
temperatures, consistent with previous reports of Pauli 
paramagnetism E5- At low temperatures, it exhibits a 
Curie-tail like behavior, which may be due to the exis¬ 
tence of magnetic impurity (as shown as the fitting blue 
line in figure 2(b) corresponding to < 1.00 mol % of an 
5=1 impurity, e.g. Ni 2+ ). However, we can’t exclude the 
effect of spin fluctuation at low temperatures, which may 
play an important role in the superconductivity. 

In the nickel-chalcogenide superconductors, the super¬ 
conducting transitions always accompany a large Som¬ 
merfeld coefficient j n at low temperature, which may 
imply the non-trivial pairing mechanism. So we carried 
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FIG. 2: (Color online) (a) Temperature dependence of in-plane resistivity, p a fe(T) for CsNi 2 Se 2 crystal, (b) The evolution of 
the in-plane resistivity p a j,(T) under magnetic fields up to 2.0 T applied parallel to the c axis, (c) Temperature dependence 
of the normal state magnetic susceptibility, x(T), measured at 2 Tesla field parallel to ab plane, (d) Specific heat divided by 
temperature, C/T vs. T 2 , measured under 0 and 2 T fields. The solid straight line is a guide to the eye. Inset: (i) p a j,(T) near 
the superconducting transition; (ii) Upper critical field H C 2 vs. T for CsNi 2 Se 2 crystal, (iii) x(T) near the superconducting 
transition, measured at 5 Oe field parallel to ab plane (for minimizing the demagnetization factor) with both zero-field cooling 
(ZFC) and field cooling (FC) processes. 


out detailed measurements of the specific heat C(T,H) for 
CsNi 2 Se 2 crystal. Figure 2(d) shows the C(T,H)/T as a 
function of T 2 , measured under OT, and 2T field, respec¬ 
tively. For the normal state specific heat CW(T), a linear 
fit of the data from 0.5K to 8 K to C/T= J+/3T 2 gives 
7=77.90 mJ/mol-K -2 and f)= 3.32 mJ/mol-K -4 , which 
implies a Debye temperature &d of 139K. Compared 
with the value of KNi 2 Se 2 (~ 44 mJ/mol-K _2 ) [g] and 
TlNi 2 Se 2 (~40mJ/mol- K -2 ) jTcj, the Sommerfeld coef¬ 
ficient 7 n for CsNi 2 Se 2 is much larger. It can even com¬ 
pared with that for KFe 2 As 2 (~94mJ/mol-K -2 ), which 
is widely accepted as an unconventional superconductor 


The electronic specific heat ( C es (T )) in the supercon¬ 
ducting state is obtained by the deduction of phonon 
contribution (/3T 3 ) from the total C(T). As shown in 
the figure 3(a), the normalized specific heat jump at T c 
(AC'/( 7 n T c )) is about 1.44, consistent with the theoret¬ 
ical value (1-43) of the well-known BCS theory. Then, 
we analyze the data by fitting C es (T ) with different gap 


functions. First, we consider the case of a single gap 
Ao- The temperature dependence is taken to be the 
same as in the BCS theory, i.e. A (t) = A 0 <5(i), where 
S(t) is the normalized BCS gap at the reduced tempera¬ 
ture t = T/T c as tabulated by Miihlschlegel (2C|. For a 
standard BCS-type superconductor, the thermodynamic 
properties, entropy (S) and C es , can be written as: 


S=- 


6j n A 0 

7T 2 ks 


pOO 

/ [/ln/ + (1 - /)ln(l - f)}dy 

Jo 


(1) 


a, = t 


d S 
d T 


( 2 ) 


where / = [exp \f3E] + l] -1 and /3 = (fcsT) -1 . The en¬ 
ergy of the quasi-particles is given by E = [e 2 + A 2 (f)]°- 5 , 
where e is the energy of the normal electrons relative 
to the Fermi surface. The integration variable is y = 
e/Ao. Considering the multi-banc! feature of these nickel- 
chalcogenide superconductors as indicated in I 4 13, 2l|, 
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FIG. 3: (Color online) (a) Reduced temperature T/T c de¬ 
pendence of electronic specific heat divided by temperature 
Ces/'yT in the superconducting state at zero field, where 
C es = C — Ciatt ■ The two solid lines show the fitting curve 
of the conventional BCS model and the two-gap model to 
Ces/'yT, respectively. The two dashed lines show the indi¬ 
vidual contributions of the two gaps to Ces/’yT. (b) Low- 
temperature specific heat divided by temperature C/Tvs.T 2 , 
measured at various fields near superconducting transition. 
Inset: Magnetic field dependence of field-induced electronic 
specific-heat coefficient A 7 (H) in the mixed state. 


we also carried out the fitting using two gap model, where 
the total specific heat can be considered as the sum of 
the contributions of each band calculated independently 
according to equations (1) and (2). It seems that the 
single-gap model fitting is not very good, especially at 
low temperatures, while the two-gap model presents the 
best fit to the C es / T data [see figure 3a], just as described 
in 0 - In the figure 3a, we plot the contributions from 
the two superconducting gaps, Ai = 0.22 fcgT c and A 2 
= 1.97 IzbTc, as well as their sum (red line). The weight 
contributed from the first gap, Ai, is about 0 . 20 . 

To get more information of the superconducting gap, 
we also carried out the low temperature specific heat 
measurements under various magnetic fields, as shown 
in the figure 3b. At zero field, the linear extrapolation 
of C/T vs. T 2 to T=0K gives a ’residual’ Sommerfeld 
coefficient of 70 = 5.5 mJ/mol- K -2 . Considering the air 
sensitive nature of CsNi 2 Se 2 , we may ascribe it to the ex- 
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FIG. 4: (Color online) Partial DOS of KNi 2 Se 2 , TlNi 2 Se 2 , 
and CsNi 2 Se 2 in the -2 to leV energy range relative to the 
Fermi energy. The dashed line is a guide to eyes. 


istence of small fraction ( ~ 6 . 8 %) of non-superconducting 
phase. With increasing of the magnetic field, the magni¬ 
tude of the specific heat jump at T c decreases, and the 
linear electronic specific heat coefficient, 7 (H), increases. 
In this study, the field dependence of [ 7 (H)- 7 ( 0 )] obeys 
the Volovik relation (i.e., oc H 1 / 2 ) very well (the inset), 
just as observed in TlNi 2 Se 2 . This behavior was once 
considered as a common feature of the d-wave supercon¬ 
ductors, where the H 1 / 2 term arises from a Doppler shift 
of the quasi-particle excitation spectrum in the outer re¬ 
gions of the vortices. Yet, this behavior may not be al¬ 
ways so unique, because it was also observed in other 

1, V 3 Si 


22 , 


s-wave superconductors, such as NbSe 2 
[3] , and CeRu 2 [3] • Recently, low-temperature thermal 
conductivity measurements have identified the multiple 
nodeless superconducting gaps in TlNi 2 Se 2 [26], so we 
suggest that the CsNi 2 Se 2 may have the similar proper¬ 
ties. 

In the end, we present a roughly discussion about the 
origin of the large q n , by comparing TlNi 2 Se 2 , KNi 2 Se 2 
and CsNi 2 Se 2 as typical cases, since they have the similar 
structure and almost same ions except the alkali metal 
(or thallium) ion. As mentioned above, the Sommerfeld 
coefficient for TlNi 2 Se 2 , KNi 2 Se 2 and CsNi 2 Se 2 are 
about 40, 44, and 79 mJ/mol-K -2 , respectively. Usually, 
the large 7 „ is related to the strong electron correlation. 
However, the ARPES and optical results have demon¬ 
strated the weak correlation in KNi 2 Se 2 and TlNi 2 Se 2 


12- 14J. As well known, the is proportional to the 


DOS at Ep in a free electron framework. So we per¬ 
formed the DFT calculations for these three compounds 
(figure 4) to examine the relation between their DOS at 
Ep and 7 „. As shown in the figure, the DOS of all the 
three compounds exhibit a similar dispersion, indicating 
that they may contain similar electronic structure. At 
ferrni energy, the DOS value increases in the order of 
TlNi 2 Se 2 , KNi 2 Se 2 and CsNi 2 Se 2 . Furthermore, the es- 
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timated ratio of the DOS value in TlNi 2 Se 2 , KNi 2 Se 2 , 
and CsNi2Se2 is about 1 : 1.16 : 1.7, which is gener¬ 
ally consistent with the corresponding ratio (1 : 1.1 : 
1.95) of their 7 „. Therefore, we suggest that the large 
7 n may be related to the large DOS at the Fermi surface 
in these nickel-selenide superconductors, which has also 
been proposed in [12I ] from another point of view. 

In summary, we synthesized the CsNi 2 Se 2 single 
crystal successfully. The measurements of resistiv¬ 
ity, magnetization and specific heat were carried out 
down to T=0.5K. It was found that the stoichiomet¬ 
ric CsNi 2 Se 2 compound undergoes a superconducting 
transition at T c onset = 2.7K. A large Sommerfeld coef¬ 
ficient, 7 „ (~77.90 mJ/mol-K -2 ), was obtained from 
the normal state electronic specific heat. However, the 
Kadowaki-Woods ratio of CsNi 2 Se 2 was estimated to 
be about 0.041xl0 -5 /rfi-cm(mol-K 2 /mJ) 2 , comparable 
with those for transition metals, which may indicate the 
absence of strong electron-electron correlation. In the 
superconducting state, we found that the zero-field elec¬ 
tronic specific heat data, C es (T) (OAK < T < 2.6K), can 
be well fitted with a two-gap BCS model, indicating the 
multi-gap feature of CsNi 2 Se 2 . At the end, density func¬ 
tional theory calculations were performed for TlNi 2 Se 2 , 
KNi 2 Se 2 and CsNi 2 Se 2 , respectively. The result indi¬ 
cated that the ratio of the DOS value at Ej? is generally 
consistent with the corresponding ratio of their 7 „, sug¬ 
gesting that the large 7 „ may be related to the large DOS 
at the Fermi surface. 
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